ABSTRACT In recent years, many studies have investigated the potential of demand response management (DRM) schemes to manage energy for residential buildings in a smart grid. However, most of the existing studies mainly focus on the theoretical design of DRM schemes and do not verify the proposed schemes through implementation. Smart grid research is highly interdisciplinary. As such, the establishment of testbeds to conduct DRM requires various skill sets that might not always be possible to arrange. However, the implementation of a DRM scheme is critical not only to verify the correctness of the design in a practical environment but also to address many important assumptions that are necessary for the actual deployment of the scheme. Thus, the theoretical aspect of DRM solutions should be discussed and verified in a practical environment to ensure that the scheme is suitable for deployment. In this paper, we propose a DRM scheme and construct a residential smart grid testbed to implement the proposed scheme. In the proposed DRM scheme, we suggest two different types of customer engagement plans, namely, green savvy plan and green aware plan, and design algorithms based on two user inconvenience indices to evaluate DRM for peak load reduction. The testbed verifies the effectiveness and efficiency of the proposed DRM scheme.
I. INTRODUCTION
Recently, the demand for electricity has been increasing as a result of economic and industrial developments. For instance, a recent annual energy outlook report of the Unite State Energy Information Administration forecasted that the residential electricity demand will increase by 24% within the following several decades [1] because of the substantial increase in population. A smart grid, with its two-way communication and power flow features, is a potential solution to meet this increasing demand. In particular, demand response management (DRM) has been identified as one of the key components of the smart grid that can help the power market increase the efficient use of energy by remote monitoring and control of electricity load and by setting efficient energy prices with a view to shift the high demand of electricity users to an off-peak period.
To this end, significant efforts have been exerted in the past few years to investigate the potential of DRM schemes in managing energy for residential buildings in the smart grid. Examples of such studies include recent [2] - [11] in 2015 and [12] - [16] in 2014. In [2] , an optimization-based home load control scheme is proposed to manage the operation periods of responsive electrical appliances. The study also recommend several operation periods for non-responsive loads. Two types of customer engagement plan are designed in [3] to specify the amount of intervention in the customers' load settings to reduce the peak load. Chuan and Ukil [4] establish a mathematical model to represent and model the load profile type of residential buildings in Singapore by describing in detail their energy requirement and consumption patterns. Methodologies for managing the temperature sensitive parts of residential electricity demand, that is, heating, ventilation, refrigeration, and air conditioning (AC) are developed in [5] and [6] . In [7] and [8] , the authors investigate energy scheduling techniques with delay-tolerant demands in residential smart grids. Different techniques developed in 2015 for residential DRM can be found in [9] - [11] .
Numerous studies have also been conducted in 2014 to address the issues of residential DRM. For instance, an energy consumption scheduling scheme for household appliances is proposed in [12] to reduce the peak-to-average ratio of the electricity system. In [13] , a distributed direct load control scheme is proposed with a view to match the actual aggregated demand with the desired aggregated demand profile. A coordinated DRM scheme is designed in [14] to generate the load profile and minimize the individual cost to the customers. In [15] and [16] , DRM schemes are designed based on the time-of-use electricity distribution tariff and customer reward plan, respectively. We stress that numerous other studies have discussed similar issues, which can be found in the literature reviewed in [17] - [20] .
Most of the existing studies, mainly focus on the theoretical design of DRM schemes without any verification through implementation. Smart grid research is highly interdisciplinary. As such, the establishment of testbeds to conduct DRM requires various skill sets that might not always be possible to arrange. However, the implementation of the DRM scheme is critical not only to verify the correctness of the design in a practical environment but also to address many important assumptions that are necessary for actual deployment of the scheme. For instance, a wireless sensor network (WSN) is suitable for various control and monitoring applications of the smart grid and has been used in most smart grid-related studies. Although WSNs can provide cost-efficient and reliable solutions [21] , they are unsuitable for delay-critical applications, which may be challenged when sudden failures occur in the monitored environment [22] . Thus, the suitability of different communication facilities should be understood for different smart grid applications [23] , which can be addressed once we implement the system and verify the designed DRM technique.
Several studies have implemented testbeds to validate potential applications related to the smart grid [24] - [28] . These testbeds have various aims, scales, limitations, and features. For instance, in [24] , a microgrid testbed is established and combined with a cognitive radio network as a means of communication. Two research groups have developed experimental testbeds in laboratory environments to validate their research as discussed in [25] and [26] . In [27] and [28] , the authors demonstrate two microgrid testbeds in campus environments that contain hybrid energy sources. However, there has been limited effort in the literature on constructing a testbed for residential DRM studies. Thus, constructing a testbed for residential DRM will verify not only the theoretical aspect of DRM solution but also the schemes that are suitable for deployment in a practical environment.
To this end, this study proposes a control mechanism for DRM in residential buildings and implements the scheme in a smart grid testbed. The main contributions of this study are described as follows:
• In the proposed control mechanism, we suggest two types of customer engagement plans, namely, Green Savvy Plan (GSP) and Green Aware Plan (GAP). We also design algorithms based on two user inconvenience indices to evaluate DRM for peak load reduction.
• For residential DRM, we construct a testbed to implement the proposed scheme and conduct experiments to verify the effectiveness and efficiency of the proposed schemes. The remainder of the paper is organized as follows: The system model of the proposed scheme is discussed in Section II. The customer engagement plans are presented in Section III. The control algorithms are developed in Section IV. The testbed and experimental results are explained in Section V. The study is concluded in Section VI. 
II. SYSTEM DESCRIPTION
The system model considered in this study mainly consists of three layers based on the types of activities conducted for DRM and is shown in FIGURE 1. The proposed architecture comprises several households, where each household has numerous electrical appliances. These appliances are divided into essential and flexible load categories. The power consumption requirements and scheduling times of essential loads are fixed and cannot contribute to the DRM. By contrast, flexible loads can be controlled and their power consumption and scheduling time can be adjusted according to the DRM requirements. Lighting load can be an example of flexible load as we can switch off unnecessary or extra lights that would result in power saving. AC load can be another example of flexible as we can switch off or operate the AC at a higher thermostat set point to save power.
We adopt an open Internet-of-things architecture, where a centralized database records the energy usage of all electrical appliances from all households [29] . Therefore, in the proposed architecture, each household is connected to a home gateway and several smart appliances that can communicate with each other. The home gateway is controlled through a home gateway manager in the cloud. Such architecture enables multiple third parties to connect to the system to provide services. For example, a home automation and security company may let households subscribe to its service, where it helps monitor the home when the owners are away and sound an alarm to the owners when an intrusion is detected by various sensor and energy readings in the database. Similarly, an energy management service (EMS) company can participate in an ancillary energy market, which is the focus of this case study.
The EMS provider may have a deal with the grid in providing services to maintain the load below a certain threshold. Then, the EMS provider recruits households by offering them customer engagement plans that describe incentive and inconvenience. The objective of the EMS provider is to earn some profit while meeting the target load reduction required by the grid operator by recruiting a sufficient number of residents and offering them appropriate incentive. We will discuss this concept and implement a testbed comprising the EMS provider that controls a set of appliances that represent various households.
III. CUSTOMER ENGAGEMENT PLANS
The EMS provider can offer customer engagement plans to recruit households to participate in DRM to reduce a threshold, as desired by the grid operator. We propose customer engagement plans that specify the amount of inconvenience and incentive. In this study, we assume that, for DRM, the EMS provider divides customers into the following two categories:
• Green savvy: Users that accept more inconvenience but with more incentive;
• Green aware: Users that accept less inconvenience but with less incentive. For these customer types, we assume that the EMS provider defines two different customer engagement plans termed as (i) GSP and (ii) GAP. These plans specify the inconvenience and incentive for green savvy and green aware users. We let GSP and GAP denote the inconvenience defined in the two plans, such that GSP ≥ GAP . Similarly, we let GSP and GAP denote the incentive per unit of inconvenience offered by the EMS provider in the two plans, such that GSP ≥ GAP . In this study, we define inconvenience in two ways, namely, 1) time cut and 2) power cut. In the time cut method, we define inconvenience in terms of number of minutes (or hours) the user is denied operation of its demanded appliances (regardless of their power consumption) and the incentive is offered as dollars per minute (or hour) of inconvenience. In the power cut method, we define inconvenience in terms of the number of watt-minutes (watt-hours) that are cut by the EMS provider for DRM and the incentive is offered as dollar per Kilowatt-hour (KWh) for the power being cut during the duration. In Table 1 , we provide sample GSP and GAP based on the time cut and power cut methods. 1 For example, in the time cut method, GSP users are offered 1.5$/h as incentive, which is 1.5 times compared with that of the GSP user. As such, GSP users might accept three times inconvenience at most compared with GAP users and earn 13.5$/day at most when the EMS denied its service 3 h/day to the GAP user, whereas GAP users accept less inconvenience (3 h/day at most) but also less incentive of 1$/h, such that the user in this plan can earn 3$/day at most. By contrast, in the power cut method, inconvenience is specified in terms of the total amount of power cut. Similarly, the GSP user is offered an incentive of 4.5$/kWh and accepts three times inconvenience at most compared with the GAP user (i.e., power of the GSP user is cut 3 kWh/day by the EMS and earn 13.5$ at most). By contrast, for the GAP user, not more than 1 kWh/day is cut with only 3$/kWh as incentive (giving the user 3$/day at most).
IV. PROBLEM FORMULATION AND CONTROL ALGORITHMS
In this section, we formulate a generic optimization problem, followed by control algorithms that can be used to implement the customer engagement plans based on inconvenience indices (time cut or power cut). In this formulation, we associate weights for each user and for each appliance of each household. Then, these weights are dynamically adjusted according to the user subscription plans (GSP or GAP) and the criterion (time cut or power cut) being used by the EMS provider.
A. PROBLEM FORMULATION
As mentioned in Section II, appliances can be divided into essential and flexible load categories. Therefore, we let P e j (t) denote the total essential load of user j at time t. We also assume that all appliances mentioned in the subsequent description belong to flexible loads. We let p i,j denote the rated power consumption of the i-th appliance of user j, and s i,j = {s i,j (1), . . . , s i,j (T )} denote the demand status vector of load i of user j, where the time index of DRM goes from t = 1 to t = T and s i,j (t) = 1 when appliance i is demanded at time t by user j and zero otherwise. Thus, d i,j (t) = s i,j (t)p i,j (t) denotes the power consumption of appliance i of user j at time t. Then, the total power demand of user j at time t is expressed as P j (t) = i d i,j (t) + P e j (t). Then, we obtain the total power demand at time t, as follows:
However, the grid operator will require the EMS provider to keep the total power consumption of the users below a certain threshold P peak , that is, P U (t) ≤ P peak (t), because of economic scheduling or stable operation of generators. When P U (t) > P peak (t), the EMS provider will conduct DRM by switching off several appliances of the users to maintain the total power demand below the given threshold. Thus, these users whose appliances are switched off by the EMS provider will experience inconvenience at time t. As such, the EMS provider should consider not only the engagement plans of users but also the inconvenience of users when the EMS provider conducts DRM.
To this end, we propose a method that associates weight factors with each user and also with each appliance in each household. Let ω j (t) be the user inconvenience weight factor that controls user j's inconvenience based on his subscription plan and let α i,j (t) be the appliance preference factor that controls the ratio of influence in terms of the i-th appliance of user j based on his declaration preference. Subsequently, we formulate an optimization problem whose goal is to minimize user inconvenience and which is subject to total power demand below the required threshold level P peak , and the final results conform with the subscription plans of users. This procedure is equivalent to determining the optimal demand status, such that the sum-weight is minimized at each time slot. For ease of notation, we drop index (t) from all the succeeding description because we perform the optimization problem at each time slot. Thus, the optimization problem is formulated as
where x + = max{x, 0}, and l i,j is a binary value. If the i-th appliance of the j-th user is switched off at this time, then l i,j = 1; otherwise l i,j = 0. When the EMS provider turns off the appliances of certain users at this time slot, it raises the inconvenience of these users. In this case, the afected user inconvenience weight factors increase, thereby reducing the chance of these users being turned off in the next time slot. Similarly, users can also set their preference for the appliances to be turned off. In this case, the appliance preference factor serves a role, such that the less preferred appliances are turned off first. Using these concepts, the user inconvenience weight factors and the appliance preference factors are updated at each time slot.
B. WEIGHT UPDATING
The user inconvenience can be defined based on many different criteria and presented in many different ways. As mentioned before, in this paper, we define inconvenience into two criteria: 1) time cut and 2) power cut. Therefore, we propose a method that designs a factor called user inconvenience weight factor to indicate and quantify the inconvenience. 2 Moreover, we design two user inconvenience weight factors based on both criteria. Such weight factors are adapted to the proposed plans and also consider the fairness for users subscribing to the same plan. The fairness can be indicated in terms of both criteria, such as equality of total time cut or equality of total power cut. Moreover, fairness is also considered between each appliance in the same household. The EMS provider aims to keep fairness for each appliance in the same household, except when users declare their preference for the appliances. Thus, we also design two appliance preference factors in terms of both criteria and integrate them respectively according to the following user inconvenience weight factor: 1) Time Cut Method
2) Power Cut Method
where t is the time slot, ρ j is the plan parameter, and γ i,j is the preference parameter. Therefore, the EMS provider can ensure fairness for users subscribing to the same plan and each appliance by updating the user inconvenience weight factor and appliance preference factor after performing DRM.
C. CONVEX RELAXATION
Considering tht problem (2) is an integer linear programming (ILP) and that such problem is generally an NP-hard problem. Although many approaches have been developed to address ILP, they are still impractical because they do not guarantee solving the problem in polynomial time, especially for large systems, such as the proposed system which consists of a large number of appliances. To address problem (2), we relax the constraint of l i,j ∈ {0, 1} to l i,j ∈ [0, 1]. Moreover, the selection l i,j must satisfy the constraints of the real status. For example, if s i,j = 1, then l i,j can be 1 or 0. By contrast, if s i,j = 0, then l i,j can only be zero. Consequently, the optimization problem can be approximated as
The optimization problem is a linear programming (LP) and thus a convex optimization problem. To solve the problem, we employ CVX, a package of MATLAB for specifying and solving convex programs [31] . The relaxed problem is not generally equal to the original problem because the optimal results of the relaxed problem, l i,j , can be fractional. Thus, l i,j should be mapped into 0 or 1 by using a threshold to obtain the desired results, which can be performed aŝ
where τ is a given threshold. In our experience, τ = 0.5 can generally yield good results. Hence, we adopt such setting (i.e., τ = 0.5) in our experiments.
Algorithm 1 Control Algorithm for DRM
initialize: ω j (0) = 1, α i,j (0) = 1/n j , ∀i, j, t = 1 input : the plan parameter ρ j , and the preference parameter γ i,j 1 Read s i,j (t), p i,j (t), P e j (t), P peak (t), ∀i, j; 2 Compute P U (t) by using (1); 3 Solve Problem (9) by using CVX; 4 Decidel ji ∀i, j by using (10); 5 Weightupdating:
Timecutmethod: Update user inconvenience weight factors and appliance preference factors by using (3)- (5). Powercutmethod:
Update user inconvenience weight factors and appliance preference factors by using (6)- (8).
The implementation procedure of the proposed control algorithm is summarized in Algorithm 1. In short, in steps 1 and 2 of the algorithm, the EMS provider computes total the demand power and reads the threshold given by the grid. In step 3 and 4, the EMS provider decides the optimal demand status by solving problem (9) . In step 5, the EMS provider updates user inconvenience weight factors and appliance preference factors based on the method it uses, that is (3)- (5) or (6)-(8). Finally, the algorithm proceeds to the next time slot and repeats from step 1.
V. TESTBED AND EXPERIMENTAL RESULTS
In this section, we describe the testbed focusing on the residential DRM. We then perform a DRM experiment on our testbed to demonstrate the effectiveness and efficiency of the proposed plans and methods.
A. TESTBED SETUP
The overall architecture of the proposed system is shown in FIGURE 1 ; it mainly consists of of three layers: third party EMS, cloud server, and households. We have built the testbed shown in FIGURE 2, which consists of the three modules, to match the proposed architecture. The details of the implementations are described in the subsequent subsections. 
1) CLOUD SERVER
The cloud server is where we can store data of households and provide services for both third party management services and households. In our testbed, we implement a cloud server, which consists of a home gateway manager and database, and select XMPP and RESTful HTTP as the network protocol to be used in the proposed system. The extensible messaging and presence protocol (XMPP) is an application profile of the extensible markup language (XML), which enables the near-real-time exchange of structured yet extensible data between multiple network entities [32] . In the proposed system, the control commands must also be pushed toward the end users for different applications, which require an asynchronous communication model [33] . XMPP is capable not only of sending asynchronous request but also of supporting a massive number of users at the same time through its pub/sub protocol [34] . Hence, XMPP is selected to send control commands from the home gateway manager of the cloud to all the gateways of all the households. In addition, RESTful HTTP is lightweight, has a simple HTTP request format, and is VOLUME 3, 2015 very easy to implement. Moreover, RESTful HTTP is best suited for applications that require periodic communication. Hence, RESTful HTTP is selected for the periodic uploading of sensor data from the gateway of households to the database of the cloud. 
2) HOUSEHOLDS
We also build a home gateway (HG) and several smart plugs for each HG to simulate a household, as shown in FIGURE 3. HG is responsible for two tasks: 1) collecting data of appliances and uploading to the database of the cloud server and 2) receiving control command from the cloud server and sending the control command to the respective devices. HG, which is an IP-based system and possesses a two-way communication channel, the HTTP and XMPP protocols, can serve as a translator and communicate with non-IP based devices, such as the smart plugs in the system. In our testbed, the Raspberry pi computer (Model-B Rev 1) serves the role of HG and is connected to the z-wave smart plug through a RaZberry module, as shown in FIGURE 2. Smart plugs can be equipped with different appliances to send the data of energy usage to HG and perform the control command from HG (e.g., switch on/off).
3) THIRD PARTY MANAGEMENT SERVICES
Finally, a PC is used as third-party management service so that EMS is implemented based on MATLAB 2014b. Such EMS can access data from the database of the cloud server by RESTful HTTP protocol and perform DRM, which solves the optimization problem (9) through the CVX package of MATLAB. Then, EMS sends the control command based on the solution results to the home gateway manager of the cloud server. We summarize the above descriptions and the equipment of the testbed in Table 2 . 
B. EXPERIMENTAL RESULTS
In our experiment, we use the testbed to simulate a small residential community consisting of ten households, with each household equipped with one HG and two smart plugs. 3 Lighting appliances are considered to be flexible loads and equipped with smart plugs to be controllable with two kinds of states: on and off. Each household then contains two lighting appliances, with the light bulb range between 500 watts to 200 watts; we always place the light bulb with the higher rating as appliance 1. We assume the total essential load of the households as the base load. The base load model, as shown in FIGURE 4(a), is assumed to be a random curve based on the reports of National Electricity Market of Singapore (NEMS) and is used to generate the daily base load curve. We generate the daily usage patterns of the flexible loads based on their probability of being turned on, as shown in FIGURE 4(b). 4 In FIGURE 5 , we show how the proposed system can use the system to control the light appliances in each household to reduce the peak demand in a smart grid. According to FIGURE 5, a duration of 24 hours is divided into 8640 time slots, that is, the smart grid detects the total demand every 10 seconds. The green and blue zones of the figure denote the load profile with 3 The system is designed such that the number of households and number of appliances can be scaled easily without the need of changing the algorithm. 4 We generate the base load and the daily usage patterns of the flexible loads by MATLAB. We then send the commands in terms of generated usage patterns to smart plugs to simulate the users' behavior. and without demand management, respectively; the gray zone indicates the base load, and the red line indicates the maximum allowable peak demand threshold (33 kW). As demonstrated in FIGURE 5, when the total demand is under the peak limit, the smart grid does not need to do any controlling; hence, no difference is observed between the green zone and blue line. However, once the total demand exceeds the peak limit, the system controls the lights and turns some of them off to reduce the demand load promptly as indicated by the blue line from 9:00 to 18:00 hours. Thus, the result in FIGURE 5. clearly shows that our testbed can effectively perform EMS, DRM, and other sevice applications.
To demonstrate the effectiveness and efficiency of the proposed plans and method, we assume that households 1 to 4 adopt GAP and others agree with the GSP. Therefore, we set ρ j = 3, j = 1, . . . , 4 and ρ j = 1, j = 6, . . . , 10 for both methods. Moreover, we also assume that users do not declare their preferences of appliances. We then set the default value for all the appliances, that is, γ i,j = 1, ∀i, j. We simulate the usage patterns of one month and show the result in the FIGURE. 6-9, which contains four subfigures. The first row from left to right describes the total off-time of the household and the total off-time of the individual appliances. The second row from left to right describes the total cut power of the household and the total cut power of the individual appliances. First, EMS performs DRM based on the time cut method, and FIGURE 6 shows that the total off-time of the GAP households is lower than those that subscribe to GSP. Moreover, the ratio of the off-time, which is around 1 : 3, conforms with the proposed plans. The off-time is almost equal for households that adpot the same plan. Similarly, the off-time of each appliance is almost equal in the household. By contrast, EMS performs DRM based on the power cut method, and FIGURE 7 shows that the total cut power of the GAP households is lower than those that subscribe to GSP. Moreover, the ratio of the cut power, which is around 1 : 3, conforms with the proposed plans. The amount of cut power is almost equal for households that adpot the same plan. Similarly, the amount of cut power of each appliance is almost equal in the household. Given that the load of lighting appliance 2 is less than that of lighting appliance 1, the total off-time of lighting appliance 2 is higher than that of lighting appliance 1 to meet the criteria.
Next, we consider the users' preferences for appliances and assume that all users prefer less DRM for appliance 2. We then set γ 1,j = 1 and γ 2,j = 2, ∀j with both methods. FIGURE 8 shows the results of DRM in terms of the time cut method. The total off-time of the households is similar to that in FIGURE 6, but the total offtime of appliance 1 is around twice that of appliance 2. Similarly, FIGURE 9 show the results of DRM in terms of the power cut method. The total of the cut power of the households is similar to FIGURE 7, but the total cut power of appliance 1 is around twice that of appliance 2. FIGURE 8-9 demonstrate that the proposed methods can allow the user preferences.
To demonstrate the performance of the proposed methods, we introduce the mean square error (MSE) as a performance metric, which is defined as
In Table 3 , MSE1, MSE1 is the result of MSE from 9:00 to 18:00 hours of one month, and MSE2 is the result of MSE, which measures only those situations whenever the total power load exceeds the threshold P peak from 9:00 to 18:00 hours of one month. For the case of the total load without DRM, MSE1 and MSE2 are equal. This is due to the total load without DRM, which always exceeds the threshold P peak from 9:00 to 18:00 hours. Moreover, the MSE of the total load without DRM is far more than the results for all the cases of the total load with DRM. This shows the effectiveness of the proposed DRM scheme. A different also exists between the simulation and testbed results because of the delay in the testbed, where the smart meter is sampled at intervals of 10 seconds. Thus, a delay occurs when the EMS receives the data, performs optimization, and sends the control. However, no such delay occurs in the simulation. In addition, the performance of the power cut method is slightly better than that of the time cut method.
VI. CONCLUSIONS
In this paper, we propose two types of customer engagement plan, namely, GSP and GAP, which describe two user inconvenience indices of participation with DRM and the incentive. Furthermore, we develop an appropriate DRM algorithm with two methods, in terms of user inconvenience indices, to facilitate EMS performing DRM on peak load reduction. The objective of the proposed algorithm is to determine the demand states of all the appliances of all households subject to the total demand load below a given threshold.
We build a testbed to verify the proposed scheme and compare its performance versus its simulation. The results are useful to evaluate the gap between actual implementation and theoretical study, which is an important step to produce a better design that is more suitable for real-world implementation. In addition, the proposed algorithm can also be extended in a decentralized fashion, such that EMS assigns each user an individual threshold according to his subscription plan, and users can individually determine the demand states of their appliances.
